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(54) Method of plasma depositing a low dielecric constant insulating film on a copper surface 



(57) In a semiconductor device manufacturing 
method for forming an Interiayer insulating film having 
a low dielectric constant on a substrate 21 from a sur- 
face of which a copper wiring 23 is exposed, the inter- 
layer insulating film consists of multi-layered Insulating 



films 24, 25, 29 and the insulating film 24, that contacts 
to the copper wiring 23, out of the multi-layered insulat- 
ing films 24, 25, 29 is fomied by plasmanizing a film 
forming gas containing at least an alkyi compound hav- 
ing siloxane bonds and any one of nitrogen (N2) and am- 
monia (NH3) to react. 
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Description 

BACKGROUND OF THE INVENTION 
5 1 . Field of the Invention 

[0001] The present Invention relates to a senniconductor device and a method of manufacturing the same and, more 
particularly, to a semiconductor device that has an Interlayer Insulating film for covering a copper wiring and having a 
low dielectric constant and a method of manufacturing the same. 

10 

2. Description of the Related Art 

[0002] In recent years, with the progress of higher Integration density In the semiconductor integrated circuit device, 
the increase of the data transfer rate is requested. Therefore, the Insulating films having low dielectric constant and 
IS hence the small RC delay (referred to as a "low dielectric constant Insulating film" hereinafter) is employed. Among 
these films are the SIOF film (relative dielectric constant of 3.5 to 3.8), the porous SIO2 film (relative dielectric constant 
of 3.0 to 3.1). etc. 

[0003] On the other hand, the wiring material is being changed from the conventional aluminum (A1) to the copper 
(Cu) of the low electric resistance. 

20 [0004] In order to fabricate the semiconductor device having the conventional multi-layered copper wiring, the low 
dielet^rlc constant insulating film is formed on the copper wiring as the Interiayer insulating film. However, In general 
the copper in the copper wiring is ready to diffuse into the low dielectric constant insulating film, which increases the 
leakage current between upper and lower wirings. Therefore, In order to prevent the diffusion of the copper element 
into the low dielectric constant insulating film, the barrier Insulating film fomied of a silicon nitride film or the SiC-based 

25 barrier Insulating film is simultaneously being developed. 

[0005] Thus, In the semiconductor device having the copper wiring, the barrier Insulating film fomied of the silicon 
nitride film or the SiC-based barrier insulating film and the low dielectric constant insulating film are laminated in se- 
quence on the copper wiring. 

[0008] However, while the barrier insulating film formed of silicon nitride film is dense, its relative dielectric constant 
30 is high such as about 7. In contrast, the SIC-based barrier insulating film has the relatively low relative dielectric constant 
such as about 5, but It contains a large quantity of carbon and thus the increase of the leakage current cannot be 
sufficiently suppressed. 

SUMMARY OF THE INVENTION 

35 

[0007] It is an object of the present Invention to provide a semiconductor device capable of reducing the leakage 
current between the copper wirings that sandwich the interiayer insulating film of multi-layered structure, together with 
maintaining the low dielectric constant of the interiayer insulating film, and a method of manufacturing the same. 
[0008] In the present invention, an Insulating film for covering a copper wiring is formed by plasmanizing and reacting 
40 a film forming gas containing at least an alkyl compound having siloxane bonds and any one of nitrogen (Ng) and 
ammonia (NH3). 

[0009] The insulating film may also be formed by plasmanizing and reacting a film fomriing gas containing at least 
methylsilane (any one of monomethylsilane (SiH3(CH3)), dimethylsilane {SiH2(CH3)2), trimethylsilane (SIH(CH3)3), and 
tetramethylsilane (Si(CH3)4)), an oxygen- containing gas (any one of N2O, H2O and CO2), and any one of nitrogen 
45 (Ng) and ammonia (NH3). 

[0010] Since the film fomriing gas contains any one of nitrogen (N2) and ammonia (NH3), the fomied film contains 
nitrogen in any method of the present Invention. Therefore, the Insulating film that has the density close to the silicon 
nitride film and has the lower dielectric constant than the silicon nitride film can be formed. 

[0011] Particularly, when a parallel-plate plasma film fonning equipment is employed, connecting a low frequency 
50 power and applying the low frequency to an electrode, that holds a substrate, can make the low dielectric constant 
insulating filhi denser. 

[0012] Furthermore, when the interiayer Insulating film has multi-layered structure, It is preferable to form a handler 
insulating film, which constitutes one of the film of the multi-layered structure and is in contact with a copper wiring. In 
accordance with the above method since this prevents copper in the wiring from diffusing into the interiayer insulating 
55 film and hence a leakage current between the copper wirings can be reduced. In this case, the dielectric constant of 
the overall interiayer insulating film can be lowered using an insulating film, which has lower dielectric constant than 
that of the barrier Insulating film, for a film that constitutes other film of the multi-layered interiayer Insulating film. 
[0013] As described above, according to the present invention, the interiayer insulating film having low dielectric 
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constant together with reducing the leal<age current between the copper wirings that sandwiches the same can be 
formed. 

BRIEF DESCRiPTION OF THE DRAWiNGS 

5 

[0014] 

FiG.1 is a side view showing a configuration of a plasma film fomiing equipment employed In a semiconductor 
device manufacturing method according to a first embodiment of the present Invention; 
10 FIGS.2A to 2D are a timing chart showing introducing timing of a siloxane-based film forming gas Into a chamber 

of the plasma film forming equipment employed In the semiconductor device manufacturing method according to 
the first embodiment of the present Invention respectively; 

FiGS.3A and 3B are a timing chart showing Introducing timing of a methylsilane-based film fomning gas into a 
chamber of the plasma film fonning equipment employed In the semiconductor device manufacturing method ac- 
is cording to the first embodiment of the present Invention respectively; 

FIG.4 is a graph showing characteristics of a relative dielectric constant and a refractive Index of a low dielectric 
constant insulating film according to a second embodiment of the present invention; 

FIG.5 Is a graph showing a characteristic of a leakage current of the low dielectric constant insulating film according 
to the second embodiment of the present Invention; 
20 FIG.6 is a graph showing characteristics of a relative dielectric constant and a refractive Index of a low dielectric 

constant Insulating film according to a third embodiment of the present invention; 

FIG.7 is a graph showing a characteristic of a leakage current of the low dielectric constant insulating film according 
to the third embodiment of the present invention; 

FIG.8 Is a graph showing the characteristics of the relative dielectric constant and the refractive Index of the low 
25 dielectric constant Insulating film when a hydrocarbon gas is not employed In the third embodiment of the present 

invention; 

FIG.9 is a graph showing the characteristic of the leakage current of the low dielectric constant insulating film 
obtained immediately after the film formation and after the annealing when the hydrocarbon gas Is not employed 
In the third embodiment of the present Invention; 
30 FIG.1 0 Is a graph showing Investigation results of the copper diffusion In the low dielectric constant Insulating film 

after the annealing when the hydrocarbon gas is not employed In the third embodiment of the present invention; 
FIG. 11 is a graph showing characteristics of a relative dielectric constant and a refractive index of a low dielectric 
constant insulating film according to a fourth embodiment of the present invention; 

FIG.12A is a graph showing characteristics of a leakage current of the low dielectric constant Insulating film ac- 
35 cording to the fourth embodiment of the present invention Immediately after the film fomnatlon, and FIG.12B Is a 

graph showing characteristics of a leakage current of the low dielectric constant Insulating film according to the 
fourth embodiment of the present invention after the annealing; 

FIG. 13 is a graph showing investigation results of the copper diffusion in the low dielectric constant Insulating film 
according to the fourth embodiment of the present invention; 
40 FIG. 1 4 Is a graph showing characteristics of a relative dielectric constant and a refractive index of the low dielectric 

constant Insulating film when an N2O flow rate Is changed between 1200 to 1600 seem In the fourth embodiment 
of the present invention; 

FIG.1 5 is a graph showing a characteristic of leakage currents for those obtained immediately after the film for- 
mation and for those obtained after the annealing, when the N2O flow rate is changed between 1200 to 1 600 seem 
45 in the fourth embodiment of the present Invention; 

FIG.1 6 is a graph showing the characteristics of the relative dielectric constant and the refractive index of the low 
dielectric constant insulating film when NH3 is added to the film forming gas in the fourth embodiment of the present 
invention; 

FIG. 17 is a graph showing the characteristics of the leakage cunrent of the tow dielectric constant Insulating film 
so when NH3 Is added to the film forming gas In the fourth embodiment of the present invention; 

FIG. 1 B is a graph showing investigation results of the copper diffusion in the low dielectric constant Insulating film 
when NH3 is added to the film forming gas in the fourth embodiment of the present Invention; 
FIG.1 9 Is a sectional view showing a structure of a sample employed in the investigation for the characteristic of 
a barrier Insulating film according to the second to fourth embodiments of the present Invention; 
55 FIGS.20A to 20F are sectional views showing a semiconductor devbe and a method of manufacturing the same 

according to a fifth embodiment of the present invention; and 

FIGS.21 A and 21 B are sectional views showing a semiconductor device and a method of manufacturing the same 
according to a sixth embodiment of the present Invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[001 5] Embodiments of the present invention will be explained in detail with reference to the accompanying drawings 
hereinafter. 

5 

(First Embodiment) 

[0016] FIG. 1 is a side view showing a configuration of the parallel-plate plasma film fomiing equipment 1 01 employed 
in a semiconductor device manufacturing method according to a first embodiment of the present invention. 
10 [0017] This plasma film forming equipment 101 comprises a film forming portion 101 A in which a barrier Insulating 
film Is fonned on a substrate 21 by using a plasmanlzed gas, and a film fomiing gas supplying portion 1 01 B having a 
plurality of gas supply sources, each of the sources serving as sources for film forming gas. 

[001 8] As shown in FIG. 1 , the film forming portion 1 01 A includes a chamber 1 whose inner pressure can be lowered, 
and the chamber 1 is connected to an exhausting apparatus 6 via an exhaust line 4. An opening/closing valve 5 for 
IS controlling the communication/uncommunication between the chamber 1 and the exhausting apparatus 6 Is provided 
in the middle of the exhaust line 4. A pressure measuring means such as a vacuum gauge (not shown) for monitoring 
the pressure in the chamber 1 is provided to the chamber 1. 

[0019] A pair of upper electrode (first electrode) 2 and lower electrode (second electrode) 3, that oppose to each 
other, are provided in the chamber 1 . A high frequency power supply (RF power supply) 7 for supplying a high frequency 
20 power whose frequency is 1 3.56 MHz is eclectlcaliy connected to the upper electrode 2, while a low frequency power 
supply (LF power supply) 8 for supplying a low frequency power whose frequency Is 380 kHz Is electrically connected 
to the lower electrode 3. In this invention, "AC power" should be understood to include the both high frequency power 
(Prf) frequency power (P|_f)- 

[0020] The film fomning gas Is plasmanlzed by supplying the power to the upper electrode 2 and the lower electrode 
25 3 from these power supplies 7, 8. The upper electrode 2, the lower electrode 3, and the power supplies 7, 8 constitute 
a plasma generating means for plasmanlzing the film fomning gas. It Is preferable that an distance between the upper 
and lower electrodes 2, 3 is set to more than a thickness of the substrate but less than 30 mm in order to form the 
denser insulating film. 

[0021] It should be noted that the frequency of the low frequency power is not limited to 380kHz. For example, low 
so frequency power of 100 kHz to 1MHz may be used and applied to the lower electrode 7 in the altemative. Similarly, 
frequency of the high frequency power is not limited to 13.56 MHz. For example, high frequency of more than 1 MHz 
may be used and applied to the upper electrode 2 In the altemative. 

[0022] The upper electrode 2 is also used as a gas distributing means for distributing a film forming gas. A plurality 
of through holes (not shown) are fonned in the upper electrode 2. and opening portions of the through holes positioned 

35 on a surface opposing to the lower electrode 3 serve as Introducing ports of the film forming gas. The introducing ports 
are connected to the film forming gas supplying portion 1 01 B via a line 9a. Also, a heater (not shown) may be provided 
to the upper electrode 2 in some cases. This heater serves to prevent the adhesion of particles formed of the reaction 
products of the film forming gas, etc. onto the upper electrode 2 by heating the upper electrode 2 up to the temperature 
of about 100 ''C during the film formation. 

40 [0023] The lower electrode 3 is also used as a loading table of the substrate 21 . A heater 1 2 is provided for the lower 
electrode 3 to heat the substrate 21 that is loaded on the electrode 3. 

[0024] In the film fonning gas supplying portion 101 B, there are provided a supply source for alkyl compound such 
as hexamethyldisiloxane (HMDSO:(CH3)3Si-0-Si(CH3)3), etc. having siloxane bonds, a supply sourcefor methyls i lane 
expressed by the general formula SiHn(CH3)4.n (^^=0 3)> ^ supply source for a gas having hydrocarbon (C,f,Hf,), a 
45 supply source for an oxygen containing gas such as carbon monooxide (N2O), water (HgO), or carbon dioxide (CO2), 
a supply source for ammonia (NH3), and a supply source for nitrogen (N2). 

[0025] These gases are supplied appropriately to the chamber 1 in the film forming portion 1 01 A via branch lines 9b 
to 9g and the line 9a to which theses lines are connected. Flow rate adjusting means 11a to 11f and opening/closing 
means 1 0b to 10m for controlling the communication/ uncommunication of the branch lines 9b to 9g are provided in 

50 the middle of the branch lines 9b to 9g, and also an opening/closing means 10a for opening/closing the line 9a is 
provided in the middle of the line 9a. Also, In order to purge the residual gas in the branch lines 9b to 9f by flowing the 
N2 gas therethrough, opening/closing means 10n, lOp to 10s for controlling the communication/ uncommunication 
between the branch line 9g connected to the N2 gas supply source and other branch lines 9b to 9f are provided. The 
N2 gas is also employed to purge the residual gas in the line 9a and the chamber 1 in addition to the branch lines 9b 

55 to 9f. The N2 gas is also used as the film forming gas. 

[0026] According to the film fonning equipment 101 described above, there are provided the supply source for the 
alkyl compound such as hexamethyldisiloxane (HMDSO), etc. having the siloxane bonds, the supply source for the 
methylsilane expressed by the general fomiula SiHn(CH3)4.n (n=0 to 3), the supply source for the gas having the 
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hydrocarbon (C^Hn), the supply source for the oxygen containing gas such as carbon monooxlde (N2O), water (H2O), 
or carbon dioxide (CO2), the supply source tor the ammonia (NH3), and the supply source for the nitrogen (N2). In 
addition, there are provided plasma generating means 2, 3, 7, 8 for plasmanizing the film fomiing gas. 
[0027] if this film forming equipment 1 01 is employed, the film is formed by the plasma CVD method, and this film 
contains nitrogen and either or both of Si-C and CH3. Therefore, the dense barrier insulating film that has the low 
dielectric constant and can suppress the copper diffusion can be formed. 

[0028] It should be noted that the plasma generating means is not limited to the first and second electrodes 2, 3 of 
the parallel- plate type. For example, plasma generating means using the ECR (Electron Cyclotron Resonance) method, 
or using helicon plasma by irradiating the high frequency power from the antenna, etc. may be used in the altemative. 
[0029] Among these methods, however, paraiiel-plate type is particularly preferable since the film formed in accord- 
ance with this method is, not only low dielectric constant due to Sl-C or CH3 contained therein, but also dense. 
[0030] Next, the gas containing the alkyl compound having the slloxane bonds, the methylsllane, and the hydrocar- 
bon, each of which constitutes the film forming gas for the barrier Insulating film of the present Invention, will be explained 
hereunder. 

[0031] Components described in the following may be employed as typical examples. 

(i) Alkyl compound having the slloxane bonds 

IHexamethyldislloxane 

(HMDSO:{CH3)3SI-0- Si(CH3)3) 
Octamethylcyciotetrasiioxane (OMCTS: 



CH3 



CH3 



CH3 — Si — 0 — Si — CH3 



0 



0 



CH3 — Si — 0 — Si — CH3 



CH3 



CH3 



) 



Tetrametylcydotetrasiloxane (TMCTS: 



H 



H 



CH3 - Si — 0 — Si - CH3 



0 



0 



CH3 — Si — 0 — Si — CH3 



H 



H 



) 



(ii) Methylsllane (SIH„(CH3)4.n:n=0 to 3) 



Monomethylsllane (SIH3(CH3)} 
Dimethylsllane (SiH2(CH3)2) 
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Trimethylsilane (SiH(CH3)3) 
Tetramethylsilane (Si(CH3)4) 

(iii) A gas having hydrocarbon (Cn^Hn) 

5 

Methane (CH4) 
Acetylene (C2H2) 
Ethylene (C2H4) 
Ethane (CsHe) 

10 

[0032] Next, particularly preferable gas combinations will be explained with reference to FIGS.2A to 2D and FIGS. 
3A and 3B hereunder. 

[0033] FIGS.2A to 2D are a timing chart showing introducing timings of respective gases constituting the film forming 
gas into the chamber 1 . In these figures, the film forming gas contains at least the alkyi compound having the siloxane 
*5 bonds and any one of NH3 or N2. 

[0034] Among these figures, FIG.2A is a timing chart for a case where the film fomiing gas Is composed only of the 
alkyi compound having the siloxane bonds and any one of NH3 and N2. 

[0035] FiG.2B is a timing chart for a case where the film fomiing gas is composed only of the alkyi compound having 
the siloxane bonds, hydrocarbon, and any one of NH3 or N2. In this case, the hydrocarbon may be supplied prior to 
20 the flow of other gases into the chamber 1 . This may increase a possibility of obtaining an Improved barrier property 
by a C-H layer, which Is fonned on a film forming surface due to the contact with the hydrocarbon. 
[0036] FIG.2C is a timing chart for a case where the film forming gas is composed only of the alkyi compound having 
the siloxane bonds, an oxygen-containing gas, and any one of NH3 or N2. 

[0037] FIG.2D is a timing chart for a case where the film fomiing gas Is composed of the alkyi compound having the 
25 siloxane bonds, hydrocarbon, an oxygen-containing gas, and any one of NH3 or N2. For the same reason as mentioned 
above, the hydrocarbon may be supplied prior to the flow of other gases Into the chamber 1 . 

[0038] FIGS.3A and 3B are timing charts for cases where the film fomiing gas contains at least methylsilane (SIHn 
(CH3)4.n), the oxygen-containing gas such as N2O, etc., and any one of NH3 or N2. 

[0039] Among these figures. FIG.3A Is a timing chart for a case where the film fomiing gas Is composed of the 
30 methylsilane, the oxygen-containing gas such as NgO, etc., and any one of NH3 or Ng. On the other hand, FIG.3B is 
a timing chart for a case where the film forming gas is composed of methylsilane, the hydrocarbon, the oxygen-con- 
taining gas such as N2O, etc., and any one of NH3 or N2. 

[0040] Depending on the gas type constituting the film forming gas, suitable timing chart may be selected fomn the 
above figures, and in accordance with these timing chart, a plasma CVD insulating film of the preset invention can be 
35 formed. 

(Second to Fourth Embodiments) 

[0041 ] Next, investigation results of characteristics of the silicon-containing insulating film that is fomned by the above 
40 semiconductor device manufacturing equipment will be explained hereunder. 

[0042] (a) Characteristics of the silicon-containing insulating film fonned by using the film forming gas containing N2, 
which is a second embodiment of the present invention. 

[0043] FIG.4 is a graph showing behaviors of a relative dielectric constant and a refractive index of the silicon- 
containing insulating film 33 in response to the change in the N2 flow rate. FIG.5 is a graph showing Investigation 
45 results of the leakage current flowing between a copper film 34 and a substrate 32 between which the silicon- containing 
insulating film 33 is sandwiched. 

[0044] FIG. 19 is a sectional view showing a structure of a sample employed in the above Investigation, and the 
sample was formed as follows. That is, as shown in FIG.1 9, the silicon-containing insulating film 33 was formed on the 
p-type silicon substrate 32 by the plasma CVD method using l-IMDSO, CH4, and N2 as the film forming gas. Film 
50 fomrting conditions for the silicon-containing insulating film 33 are given by (Condition A) described in the following. 

(Condition A) 

[0045] 

55 

(i) Film forming gas conditions 
HMDSO flow rate: 50 seem 
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CH4 flow rate: 100 seem 

Ng flow rate: 0, 50, 100, 200 seem 

gas pressure: 1 Terr 

substrate heating temperature: 350 ®C 

5 

(ii) Plasmanlzing conditions 

high frequency power (13.56 IS/IHz) Prf* 0. W 
low frequency power (380 l<Hz) Plf: 1 00 W 
10 distance between the upper electrode and the lower electrode: more than 20 mm, preferably more than 25 mm 

[0046] A film thickness of the silicon-containing insulating film 33 was 514.3 nm, 527.3 nm, 529.4 nm, and 536.1 nm 
respectively for the Ngflow rate of 0, 50, 100, and 200 seem. 

[0047] In addition, a mercury probe 34 having an electrode area of 0.0226 cm^ was brought Into contact with a 

15 surface of the silicon-containing insulating film 33. 

[0048] In case where the relative dielectric constant was measured, the C-V measuring method In which a high 
frequency signal of 1 MHz was superposed onto the DC bias was employed. In case where the refractive Index was 
measured, the He-Ne laser having a wavelength of 633.8 nm was employed in the ellipsometer. Also, in case where 
the leakage current was measured, the silicon substrate 32 was grounded together with applying a negative voltage 

20 to the mercury probe 34. 

[0049] IVIeasured results of the relative dielectric constant and the retractive index of the silicon-containing Insulating 
film 33 fomried in accordance with the (condition A) are shown in FIG.4, An ordinate on the left side of FIG.4 denotes 
the relative dielectric constant represented in a linear scale, while an ordinate on the right side thereof denotes the 
refractive index represented in a linear scale. An abscissa denotes the N2 flow rate (seem) represented in a linear 

25 scale. As shown In FIG.4, the relative dielectric constant is about 4.1 and about 4.45 respectively when the N2 flow 
rate is 0 seem and 200 seem, and is increased as the Ng flow rate is Increased. Also, the refractive index exhibits the 
similar tendency, and is about 1 .80 and about 1 .90 respectively when the N2 flow rate is 0 seem and 200 seem. 
[0050] Also, measured results of the leakage current are shown in FIG.5. An ordinate of FIG.5 denotes the leakage 
current (A/cm^) represented In a logarithmic scale, while an abscissa thereof denotes the electric field (MV/cm), which 

30 is applied to the silicon- containing Insulating film 33, represented In a linear scale. Carves in the graph are parame- 
terized by the Ng flow rate. Also, the numeral in the parenthesis positioned after the flow rate (seem) denotes the film 
thickness (nm). in addition, the negative sign on the abscissa indicates that the negative voltage is applied to the 
mercury probe 34. 

[0051] As shown in FIG.5, as the N2 flow rate decreases, the leakage current correspondingly decreases. It is pref- 
35 erable that the leakage current Is below 1 0-^ A/cm^ at 1 MV/cm in practical use. 

[0052] (b) Characteristics of the silicon-containing insulating film fomied by using the film forming gas containing 
NH3, which is a third embodiment of the present invention. 

[0053] FIG. 6 is a graph showing behaviors of the relative dielectric constant and the refractive index of the silicon- 
containing insulating film 35 In response to the change in the NH3 flow rate. FIG.7 is a graph showing an investigation 
40 result of the leakage current flowing between the copper film 34 and the substrate 32 between which the silicon- 
containing insulating film 35 is sandwiched. 

[0054] FIG.1 9 is the sectional view showing the structure of the sample employed in the above examination, and the 
sample was formed as follows. That is, as shown in FIG.1 9, the silrcon-containing insulating film 35 was formed on the 
p-type silicon substrate 32 by the plasma CVD method using HMDSO, CH4, and NH3 as the film fomiing gas. Film 
45 forming conditions for the silicon-containing insulating film 35 are given by (Condition B) described in the following. 

(Condition B) 

[0055] 

50 

(i) Film fonning gas conditions 

HMDSO flow rate: 50 seem 
CH4 flow rate: 100 seem 
55 NH3 flow rate: 0, 50, 100, 200 seem 

gas pressure: 1 Torr 
substrate heating temperature: 350 *^C 
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(il) Plasmanizing conditions 

high frequency power (13.56 MHz) P^p: 0 W 
low frequency power (380 kHz) Plf: 1 00 W 

distance between the upper electrode and the lower electrode: more than 20 mm, preferably more than 25 mm 

[0056] A film thickness of the silicon-containing insulating film 35 was 523.5 nm, 535.7 nm. 524.6 nm, and 531 1 nm 
respectively for the NH3 flow rate of 0, 50, 100, and 200 seem. 

[0057] In addition, the mercury probe 34 having an electrode area of 0.0225 cm2 was brought into contact with a 
surface of the silicon-containing insulating film 35. 

[0058] In case where the relative dielectric constant was measured, the C-V measuring method In which a high 
frequency signal of 1 MHz was superposed onto the DC bias was employed. In case where the refractive index was 
measured, the He-Ne laser of 633.8 nm was employed In the ellipsometer. Also, In ease where the leakage current 
was measured, the silicon substrate 32 was grounded together with applying a negative voltage to the mercury probe 34. 
[0059] Measured results of the relative dielectric constant and the refractive index of the silicon-containing insulating 
film 35 fomned In accordance with (Condition B) are shown In FIG.6. An ordinate on the left side of FIG.6 denotes the 
relative dielectric constant represented In a linear scale, while an ordinate on the right side thereof denotes the refractive 
Index represented In a linear scale. An abscissa denotes the NH3 flow rate (seem) represented in a linear scale. As 
shown in FIG.6, the relative dielectric constant is about 4.02 and about 4.6 respectively when the NH3 flow rate is 0 
seem and 100 seem, and is increased as the NH3 flow rate is increased. Also, the refractive index exhibits the similar 
tendency, and is about 1 .8 and about 1 .83 respectively when the NH3 flow rate Is 0 seem and 200 seem. 
[0060] Also, measured results of the leakage current are shown in FIG.7. An ordinate of FIG.7 denotes the leakage 
current (A/em2) represented In a logarithmic scale, while an abscissa thereof denotes the electric field (MV/cm), which 
is applied to the silicon- containing insulating film 35, represented in a linear scale. Can/es in the graph are parame- 
terized by the NH3 flow rate. Also, the numeral in the parenthesis positioned after the flow rate (seem) denotes the film 
thickness (nm). In addition, the negative sign on the abscissa Indicates that the negative voltage Is applied to the 
mercury probe 34. 

[0061] As shown In FIG.7, the leakage current is seldom affected by the NH3 flow rate. It is preferable that the leakage 
current is below 10"^ A/cm^ at 1 MV/cm in practical use. 

[0062] Though HMDSO is employed in the above, the alkyi compound having the slloxane bonds Is not limited to 
HMDSO. For example, another alkyI compound having the siloxane bonds, such as octamethylcyclotetrasiloxane (OM- 
CTS) ortetrametylcyclotetrasiloxane (TMCTS), both are already mentioned above, may be employed In the alternative. 
[0063] Also, hydrocarbon gas is not limited to methane (CH4). For example, any one of acetylene (C2H2). ethylene 
(C2H4), or ethane (CgHg) may be employed In the alternative. 

[0064] Though it is preferable to employ the hydrocarbon gas, the silicon-containing insulating film 35 of low leakage 
current and of low dielectric constant can be fomned If the hydrocarbon gas is dispensed with. 
[0065] Film f omiing conditions for the silicon-containing insulating film 35 when the hydrocarbon gas is not used are 
given by (Condition C) described In the following. 

(Condition C) 

[0066] 

(i) Film forming gas conditions 

HMDSO flow rate: 50 seem 

NH3 flow rate: 0 to 800 seem 

gas pressure: 1 Torr 

suk}strate heating temperature: 375 *^C 

(11) Plasmanizing conditions 

high frequency power (13.56 MHz) P^p: 0 W 
low frequency power (380 kHz) 1 50 W 

distance between the upper electrode and the lower electrode: 12.5 mm 

[0067] FIG.8 is a graph showing the characteristics of the relative dielectric constant and the refractive . index of the 
silieon-contaming insulating film 35 when the film is formed In accordance with (Condition C). The method of measuring 
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the relative dielectric constant and the refractive Index and meanings of the ordinate and the abscissa of FiG.8 are 
similar to those explained in FIG.6. 

[0068] As shown in FiG.8, the relative dielectric constant ties in the range of 3.9 to 5.5. These values are lower than 
the relative dielectric constant (about 7) of the silicon nitride film in the prior art. 

5 [0069] FIG. 9 is a graph showing measured results of the leai<age current of the silicon-containing insulating film 35 
after it is annealed In vacuum at 450 for 4 hours. In this measurement, the silicon-containing insulating film 35 was 
formed on the copper film (not shown) in place of the p-type silicon substrate 32 (see FIG. 19). Then, in fomning the 
silicon-containing insulating film 35, the Nt-13 flow rate was set to 1 00 seem and remaining film forming conditions were 
set identical to (Condition C). For the sake of comparison, the lealcage current of the silicon-containing insulating film 

10 35, which was measured immediately after fomning the film, is also depicted in FIG.9. The method of measuring the 
leal<age current and meanings of the ordinate and the abscissa of FIG.9 are similar to those explained in FIG.7. 
[0070] As shown in FIG.9, the leal<age current does not remarlcably increase even after the annealing. 
[0071] FiG.1 0 is a graph showing investigation results of the copper diffusion in the silicon-containing Insulating film 
35, which was formed in accordance with (Condition C) and was annealed in vacuum at 450 ^C for 4 hours. In this 

^5 investigation, the silicon- containing insulating film 35 was formed on the copper film (not shown). And various silicon- 
containing insulating films 35 were Investigated at various level of the NH3 flow rate within the (Condition C). 
[0072] The diffusion of the copper was examined by using SIMS (Secondary ion Mass Spectroscopy). 
[0073] An abscissa of FiG.10 denotes a depth from a surface of the silicon-containing insulating film 35,which is 
represented in a linear scale. In contrast, an ordinate thereof denotes a copper (Cu) concentration (atoms/cc) In the 

20 film, which is represented in a logarithmic scale. 

[0074] As shown In FIG.10, the copper is seldom diffused from the underlying copper film (not shown) into the silicon- 
containing Insulating film 35. Though the copper concentration Increases at the depth of about 80 nm, this is because 
this depth is positioned very close to the underiying copper film (not shown), and there is no problem In practical use. 
[0075] (c) Characteristics of the silicon-containing insulating film formed by using the film forming gas containing 

25 ivigO, which is a fourth embodiment of the present Invention. 

[0076] in the above second and third embodiments, N2 or NH3 was added into the film fomriing gas. However, If N2O 
is added in place of N2 and NH3, the silicon-containing insulating film 35 of suppressed lealcage current and of low 
dielectric constant can be fomned. 

[0077] F1G.19 is the sectional view showing the structure of the sample employed In the following investigation, and 
30 the sample is fomned as follows. That Is, as shown in FIG.1 9, a silicon-containing insulating film 36 was fonmed on the 
p-type silicon substrate 32 by the plasma CVD method using HMDSO, and N2O as the film forming gas. Film forming 
conditions for the silicon-containing insulating film 36 are given by (Condition D) described In the following. 

(Condition D) 

35 

[0078] 

(I) Film fomiing gas conditions 

40 HMDSO flow rate: 50 seem 

N2O flow rate: 0 to 800 seem 
gas pressure: 1 Torr 
substrate heating temperature: 375 ^C 

45 (ii) Plasmanizing conditions 

high frequency power (13.56 MHz) Ppp: 0 W 
low frequency power (380 kHz) Pip: 160 W 

distance between the upper electrode and the lower electrode: 12.5 mm 

50 

[0079] FIG. 11 is a graph showing characteristics of the relative dielectric constant and the refractive index of the 
silicon-containing insulating film 36 when the film was formed in accordance with this (Condition D). The method of 
measuring the relative dielectric constant and the refractive index and meanings of the ordinate and the abscissa of 
FiG.11 are similar to those explained in FIG.6. 
55 [0080] As shown in FiG.11, the relative dielectric constant lies In the range of about 3.9 to 4.1 . These values are 
lower than the relative dielectric constant (about 7) of the silicon nitride film In the prior art. 

[0081] Also, FIG.12A is a graph showing characteristics of the leal<age cun-ent of the silicon-containing insulating 
film 36 formed in accordance with (Condition D), which was measured immediately after fomning the film. On the other 
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hand, FIG.12B is a graph showing characteristics of the leakage current of the silicon-containing Insulating film 36, 
which was formed in accordance with (Condition D) and was annealed In vacuum at 450 •C for 4 hours. In both inves- 
tigation in FIGS.1 2A and 1 2B, the NH3 flow rate was variously changed. The method of measuring the leakage current 
and meanings of the ordinate and the abscissa of FIGS.12A and 12B are similar to those explained in FIG.9. 
5 [0082] As is apparent by comparing FIGS.12A and 12B, in the case where the N20 .is added, the leakage current 
does not remarkably Increase even after the annealing. 

[0083] FIG. 1 3 is a graph showing investigation results of the copper diffusion in the silicon- containing insulating film 
36, which was formed in accordance with (Condition D) and was annealed in vacuum at 450 ^C for 4 hours. In this 
investigation, the silicon-containing insulating film 36 was formed on the copper film (not shown). And various slllcon- 
10 containing insulating films 36 were investigated at various level of the NgO flow rate within the (Condition D). The 
diffusion of the copper was examined by using SIMS. 

[0084] As shown in FIG. 13, the copper is hardly diffused from the underiying copper film (not shown) into the silicon- 
containing insulating film 36. Though the copper concentration increases at the film depth of about 60 nm, this is 
because this depth Is positioned very close to the underlying copper film (not shown), and thus there Is no problem in 

IS practical use. 

[0085] In (Condition D), the NgO flow rate Is changed between 0 to 800 seem. Another Investigation was carried out 
where the N2O flow rate was changed between 1200 to 1600 seem. In this case, the film fomning conditions of the 
silicon- containing insulating film 36 is given by (Condition E) described in the following. In this (Condition E), the 
conditions other than the N2O flow rate are similar to those In (Condition D). 

20 

(Condition E) 
[0086] 

25 (I) Film forming gas conditions 

HMDSO flow rate: 50 seem 
N2O flow rate: 1 200 to 1 600 seem 
gas pressure: 1 Torr 
30 substrate heating temperature: 375 'C 

(ii) Plasmanizing conditions 

high frequency power (13.56 MHz) Ppp: 0 W 
35 low frequency power (380 kHz) Pipi 1 50 W 

distance between the upper electrode and the lower electrode: 12.5 mm 

[0087] FIG. 14 is a graph showing characteristics of the relative dielectric constant and the refractive index of the 
silicon-containing insulating film 36 f omied in accordance with this (Condition E). The method of measuring the relative 
40 dielectric constant and the refractive index and meanings of the ordinate and the abscissa of FIG.14 are similar to 
those explained In FIG. 6. 

[0088] As shown in FIG.1 4, the relative dielectric constant is about 4.2. This value is lower than the relative dielectric 
constant (about 7) of the silicon nitride film in the prior art. 

[0089] FIG.15 is a graph showing characteristics of the leakage cun^ent of the various silicon-containing insulating 
45 films 36. which was measured either Immediately after fonning the film 36 or after annealing the film 36 In vacuum at 
450 **C for 4 hours. 

[0090] The method of measuring the leakage cun-ent and meanings of the ordinate and the abscissa of FIG,15 are 
similar to those explained in F1G.9. 

[0091] As shown in F1G.15, the leakage current does not remaricably increases even after the annealing. 
50 [0092] In the above (Condition D) and (Condition E), the film fomning gas is composed of HMDSO and NgO. However, 
NH3 may be added to this film fomning gas. In this case, the film forming conditions of the silicon-containing Insulating 
film 36 is given by (Condition F) described in the following. 

(Condition F) 

55 

[0093] 

(i) Film forming gas conditions 
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HMDSO flow rate: 50 seem 
N2O flow rate: 200 seem 
NH3 flow rate: 0 to 800 seem 
gas pressure: 1 Torr 
5 substrate heating temperature: 375 ®C 

(ii) Plasmanizing conditions 

high frequency power (13.56 MHz) PrfI 0 W 
10 low frequency power (380 kHz) P^p: 1 50 W 

distance between the upper electrode and the lower electrode: 12.5 mm 

[0094] FIG. 16 Is a graph showing characteristics of the relative dielectric constant and the refractive index of the 
silicon-containing Insulating film 36 fomried in accordance with this (Condition F). The method of measuring the relative 
IS dielectric constant and the refractive index and meanings of the ordinate and the abscissa of FIG. 16 are similar to 
those explained In FIG.6. 

[0095] As shown in FIG. 1 6. the relative dielectric constant is in the range of about 4.1 to 5.2. These values are lower 
than the relative dielectric constant (about 7) of the silicon nitride film in the prior art. 

[0096] FIG. 17 Is a graph showing characteristics of the lealcage current of the silicon-containing insulating film 36 
20 that was formed In accordance with this (Condition F) and was annealed in vacuum at 450 ^C for 4 hours. For the sake 
of comparison, the leakage currents of the silicon-containing Insulating film 36, which was measured immediately after 
the film fomfiation, are also depicted in FIG. 17. The method of measuring the leakage current and meanings of the 
ordinate and the abscissa of FIG. 17 are similar to those in FIG. 9. 

[0097] As shown in FIG. 17, the leakage current does not remarkably Increases even after the annealing. 

25 [0098] FIG. 18 is a graph showing the copper diffusion in the silicon-containing insulating film 36 that was formed 
under this (Condition F) and was annealed In vacuum at 450 ^C for 4 hours. In this Investigation, the silicon- containing 
insulating film 36 was formed on the copper film (not shown). And various silicon- containing insulating films 36 were 
investigated at various level of the NH3 flow rate within the (Condition F). The diffusion of the copper was examined 
by using SIIVIS. Meanings of the ordinate and the abscissa of FIG.18 are similar to those explained in FIG. 10. 

30 [0099] As shown in FIG.1 8, the copper is seldom diffused from the underlying copper film (not shown) into the silicon- 
containing insulating film 36. Though the copper concentration increases at the film depth of about 80 nm, this is 
because this depth is positioned very dose to the underlying copper film (not shown), and thus there Is no problem in 
practical use. 

35 (Fifth Embodiment) 

[0100] Next, a semiconductor device and a method of manufacturing the same according to a fifth embodiment of 
the present invention will be explained with reference to FIG.1 , FIGS.2A to 2D, FIGS.3A and 3B, and FIGS.20A to 20F 
hereunder. 

40 [0101] FIGS.20A to 20F are sectional views showing a semiconductor device and a method of manufacturing the 
same according to the fifth embodiment of the present Invention. 

[0102] In this embodiment, HMDSO+CH4+N2 is employed as film fonning gas, and is introduced into the chamber 
1 in accordance with the timing shown in FIG.2B. 

[0103] FIG.20A Is a sectional view showing the state after the copper wiring Is formed. In FIG.20A, a reference 22 
45 denotes an underlying insulating film, and a reference 23 denotes a copper wiring (underlying wiring) formed by the 
plating. Although not shown, a TaN film, which serves as a barrier for the underlying insulating film 22 against the 
copper diffused from the copper wiring 23, and a Cu film formed by the sputter method are formed between the un- 
derlying insulating film 22 and the copper wiring (underiying wiring) 23. The underlying insulating film 22 and the copper 
wiring 23 constitute the substrate 21 . 
so [0104] Under this condition, as shown in FIG.20B, a barrier insulating film 24 is fomied on the copper wiring 23 by 
the plasma CVD method. To fomn the barrier Insulating film 24, the substrate 21 is put into the chamber 1 of the plasma 
film forming equipment 101 and loaded on the lower electrode 3. Then, the substrate 21 is heated up to 350 ''C. and 
this temperature is maintained. 

[0105] Then, hexamethyldisiloxane (HMDSO), the CH4 gas, and the N2 gas are introduced into the chamber 1 of 
55 the plasma film forming equipment 101 shown in FtG.1 at flow rates of 50 seem, 50 seem, and 50 seem respectively, 
and the gas pressure in the chamber 1 is maintained at 1 Torr. Then, a power 100 W of the low frequency 380 kHz is 
applied to the lower electrode 3. No power is applied to the upper electrode 2. 

[0106] Following these steps, hexamethyldisiloxane, CH4, and are plasmanized. By maintaining this state for a 
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predetermined time, the barrier Insulating film 24 having a film thickness of 50 nm and containing SI, O, C, N, H Is 
formed. According to the investigation, this insulating film containing Si, O, C, N, and H exhibited relative dielectric 
constant of the order of about 4.0 at the frequency of 1 MHz, and also exhibited a leakage current of 1 0-'*o A/cm^ when 
applied a electric field of 1 MV/cm. 

5 [0107] Then, as shown in FIG.20C, a porous silicon-containing Insulating film 25 having the low dielectric constant 
and a film thickness of about 500 nm Is fonned by the well-known plasma CVD method. As the method of forming the 
porous silicon-containing Insulating film, for example, there are a method of forming a multi-layered Insulating film by 
repeating the film formation by the low pressure thermal CVD method and the film formation by the plasma CVD method, 
and a method of laminating an organic film and an SiOa film alternatively and then removing the organic by the oxygen 

10 plasma ashing, etc. 

[0108] Then, thin and high dense protection film 29 is formed. This protection film 29 serves to protect the porous 
insulating film 25 against ashing and etching. The examples of the protection film 29 are an NSG film (silicon oxide 
film not-containing the Impurity) and an SiOC-contalning insulating film. Unless the protection film 29 is provided, there 
Is the possibility that, during the ashing of a photoresist film 26 or during the etching of the barrier insulating film 24 
IS formed under the porous Insulating film 25, the quality of the porous insulating film 25 Is altered by the processing gas 
and hence its low dielectric constant characteristic is degraded. In some cases, however, the protection film 29 may 
be omitted. 

[0109] Then, as shown in F1G.20D, the photoresist film 26 is formed and then an opening portion 26a Is formed In 
a vla-hoie forming area of the photoresist film 26 by patterning the photoresist film 26. Then, the Interiayer Insulating 

20 film 25 Is selectively etched and removed through the opening portion 26a In the photoresist film 26 by the reactive 
Ion etching (RIE) using the plasmanlzed CF^+CHFs-based etching gas. Thus, an opening portion 25a Is fonned, and 
the barrier insulating film 24 exposes. Then, the ashing of the photoresist film 26 is perfonned. At this time, the barrier 
insulating film 24 has the etching resistance against the etching gas and the ashing gas for the interiayer insulating 
film 25. Therefore, the copper wiring 23 Is not badly affected by the etching gas. The concentration of the CF4+CHF3- 

25 based etching gas may be adjusted by adding Ar-i-02, etc. to CF4-kCHF3. 

[0110] Then, as shown in FIG.20E, the barrier Insulating film 24 Is selectively etched and removed via the opening 
portion in the protection film 29 and the opening portion 25a in the interiayer insulating film 25. This etching is performed 
by the reactive ion etching (RIE) using the plasmanlzed CF4+CHF3-based etching gas whose composition rate is 
changed from that used in etching the interiayer insulating film 25. By this step, a vla-hole 27 is formed, and from the 

30 bottom thereof the copper wiring 23 exposes. At this time, the copper wiring 23 has the etching resistance against the 
etching gas of the banrler Insulating film 24. Therefore, the copper wiring 23 is not badly affected by the etching gas. 
In this case, a suriace of the copper wiring 23 is oxidized. The oxidized surface is, however, removed by exposing It 
to a reducing gas, e.g., plasma of NH3, or hydrogen gas diluted by the Inert gas such as argon, nitrogen, etc. after the 
etching step of the barrier insulating film 24. 

35 [01 11] Then, as shown in FIG.20F, a conductive film, e.g., an underlying conductive film 30 that consists of a banier 
metal film such as tantalum nitride (TaN), etc. and a copper film formed by the sputter method is coated in the via hole 
27. Then, a copper film 28a is filled on the underlying conductive film 30 in the via hole 27. Then, an upper wiring 28b 
made of copper or aluminum is formed so as to be connected to the lower wiring 23 via the copper film 28a. 
[0112] Following these steps, the formation of the upper wiring 28b that is connected to the lower wiring 23 via the 

40 via hole 27, which Is fomried In the Interiayer insulating film 25 and the barrier Insulating film 24, is completed. 

[01 1 3] As described above, according to the fifth embodiment of the present invention, the barrier insulating film 24 
containing Si. O, C, N, H is formed between the lower wiring 23 and the low dielectric constant Insulating film 25 by 
plasmanizing and reacting the film forming gas that contains at least the nitrogen and the aikyi compound having the 
siloxane bonds. 

45 [0114] By the way, the insulating film 25 having the low dielectric constant is usually porous, and thus the copper Is 
ready to diffuse into such insulating film 25 from the outside. IHowever, if the barrier insulating film 24 is fomried between 
the lower wiring 23 and the porous Insulating film 25, the barrier insulating film 24 can block the copper that would 
enter Into the porous insulating film 25 from the copper wiring 23. Therefore, by interposing the barrier insulating film 
24 between the wirings 23 and 28a, copper diffusion can be prevented and hence the leakage current flowing between 

50 the wirings 23 and 28a, which sandwich the porous Insulating film 25, can be reduced, together with lowering the 
dielectric constant of the overall porous insulating film 25 including the barrier insulating film 24. 
[01 1 5] Furthemriore, If the parallel-plate plasma film forming equipment Is employed and the low frequency LF power 
supply 8 and the high frequency RF power supply 7 are connected to the lower electrode 3 and the upper electrode 2 
respectively such that the low frequency power is set higher than the high frequency power, the ban^ier insulating film 

55 having the higher density can be formed. 



12 



EP1 172 846 A2 



(Sixth Embodiment) 

[0116] FIGS.21 A and 21B are sectional views showing a semiconductor device and a method of manufacturing the 
same according to a sixth embodiment of the present invention. 

[0117] A difference from the fifth embodiment shown in FIG.20 and FIG.21 is that ammonia is employed Instead of 
the nitrogen gas used In fifth embodiment. 

[0118] In this embodiment, HI\/lDSO+CH4+NH3 is employed as film fonning gas, and is introduced into the chamber 
1 in accordance with the timing shown In FIG.2B. 

[01 1 9] First, as shown in FIG.21 A, the copper wiring 23 Is formed on the underlying Insulating film 22. Then, HMDSO, 
the NH3 gas, and the CH4 gas as the gas having the hydrocarbon are introduced into the chamber 1 of the plasma 
film fonning equipment 101 shown in FIG.l.Then, a barrier Insulating film 31 Is fomied on the copper wiring 23 by the 
plasma CVD method. This state is shown in FIG.21 B. 

[0120] More specifically, HMDSO, the NI-I3 gas, and the CH4 gas are introduced into the chamber 1 at flow rates of 
50 seem, 1 00 seem, and 1 00 seem respectively, and the gas pressure in the chamber 1 is maintained at 1 Torr. Then, 
a power 1 00 W of the low frequency 380 IcHz is applied to the tower electrode 3 that holds the substrate, together with 
applying a 50 W of the high frequency 13.54 MHz to the upper electrode 2 that opposes to the lower electrode 3. 
According to this step, the film fomning gas is plasmanized, and the barrier insulating film 31 , which covers the copper 
wiring 23 and has a thickness of 50 nm, is fomned by maintaining this state for 5 seconds. 

[0121] Next, investigation results of the quality of the resultant barrier insulating film will be explained hereunder 
[0122] FIG. 19 Is the sectional view showing the structure of the sample employed in the above investigation. The 
barrier Insulating film 33 In the sample employed In this Investigation was formed In the same way as the above ban^ler 
insulating film 31 . In this investigation, the mercury probe 34 having the electrode area of 0.0230 cm^ was brought into 
contact with a surface of the barrier insulating film 33. 

[0123] The measurement of the relative dielectric constant was conducted in the same manner as in the first em- 
bodiment. 

[01 24] The relative dielectric constant was In the order of 4.0. According to another Investigation, the leakage current 
was in the order of lO'^^o A/cm^ when the electric field of 1 MV/cm is applied. 

[01 25] As described above, according to the sixth embodiment of the present invention, unlike the fifth embodiment, 
the film fomning gas consisting of the alkyi compound having the siloxane bonds, the hydroearton (CH4), and NH3 is 
employed and, in addition to the lower frequency applied to the lower electrode 3, the high frequency power is also 
applied to the upper electrode 2 that opposes to the lower electrode 3 holding the substrate. As a result, since the 
dense insulating film having the low dielectric constant can be formed, not only the dielectric constant of the overall 
interiayer insulating film 25 including the barrier insulating film 31 can be reduced but also the leakage current can be 
reduced by preventing the diffusion of the copper more completely. 

[0126] The present Invention Is explained in detail based on the embodiments as above. The scope of the present 
invention is not limited to the examples that are described particularly in the above embodiments, and modifications 
in the above embodiments obtained by not departing from the spirit of the Invention should be contained in the scope 
of the present invention. 

[0127] For example, in the first embodiment, hexamethyidisiloxane (HMDSO) Is employed as the alkyI compound 
having the siloxane bonds. However, other silicon compound, e.g., octamethylcyclotetraslloxane (OMCTS) ortetrame- 
tylcyclotetrasiloxane (TMCTS) may be employed in the altematlve. 

[0128] Also, in the first embodiment, the oxygen-containing gas Is not employed. However, any one of nitrogen mon- 
oxide (N2O), water (H2O), or carbon dioxide (CO2) may be employed. Since an amount of oxygen Is small In such 
oxygen-containing gas, the oxidation of the lower wiring 23 can be suppressed when the barrier insulating film 24 is 
formed using these oxygen-containing gases. 

[0129] In addition, though methane (CH4) is employed as the gas having the hydrocarbon in the first and second 
embodiments, acetylene (CgHg), ethylene (C2H4), or ethane (CgHg) may be employed in the alternative. 
[0130] Also, in the second embodiment, the film fonning gas consisting of HMDSO-I-CH4+N2 Is employed. However, 
the film fomiing gas consisting of the above gases except CH4 may also be employed, or the oxygen-containing gas 
of any one of NgO, HgO, and CO2 may be added to the above HMDSO+CH4+N2. 

[0131] In addition, methylsilane may be employed instead of the alkyi compound having the siloxane bonds of the 
above embodiment. The combination of gases constituting the film fonning gas is already shown in FIG.3A and 3B. 
[0132] In this case, any one of monomethylsilane (SiH3(CH3)), dimethylsilane (SIH2(CH3)2), trimethylsllane (SIH 
(^^3)3), and tetramethylsllane (SI(CH3)4) may be employed as methylsilane. 

[0133] As described above, according to the present Invention, the insulating film for covering the copper wiring Is 
formed by plasmanizing and reacting the film forming gas containing at least the alkyi compound having siloxane bonds 
and at least any one of nitrogen (N2) and ammonia (NH3). Othenvise, such Insulating film is fomied by plasmanizing 
and reacting the film forming gas containing at least methylsilane, the oxygen- containing gas selected from any one 



13 



25 



30 



35 



45 



55 



EP 1 172 846 A2 



of NgO, H2O, and COg, and any one of nitrogen (Ng) and ammonia {NH3). 

[0134] Since the film fomning gas contains any one of nitrogen (N2) and ammonia (NH3) in any method, the formed 
film contains, In addition to mainly containing Si-C or CH3, nitrogen. 

[0135] Therefore, the insulating film that has the density close to the silicon nitride film and has the lower dielectric 

s constant than the silicon nitride film can be formed. 

[0136] Accordingly, If the interlayer Insulating film has the multi-layered structure, and If the Insulating film fomned as 
above is applied to the barrier insulating film that constitutes one of the film of the multi-layered structure and Is in 
contact with the copper wiring, copper diffusion from the copper wiring into the Interiayer insulating film can be prevented 
and hence the leakage cun^ent flowing between the copper wiring that sandwiches the interiayer Insulating film can be 

10 reduced. In addition, by employing the insulating film that has the lower dielectric constant than that of the above barrier 
Insulating film as the other film that constitutes the Interiayer Insulating film, the dielectric constant of the overall Inter- 
iayer insulating film can be lowered together with reducing the leakage current. 

15 Claims 

1 . A semiconductor device manufacturing method for fomiing an insulating film (24, 31) on a substrate (21) from a 
surface of which a copper wiring (23) is exposed, 

wherein the Insulating film (24, 31) is fonmed by plasmanizing and reacting a film forming gas containing an 
20 alkyi compound having siloxane bonds and any one of nitrogen (N2) and ammonia (NH3). 

2. A semiconductor device manufacturing method according to claim 1 , wherein the alkyI compound having the si- 
loxane bonds is any one of hexamethyldislloxane (HMDSO: (CH3)3SI-0-Si(CH3)3), octamethylcyclotetrasiloxane 
(OMCTS: 



CH3 CH3 

I I 

CHb — Si — 0 — Si — CH3 

I I 

0 0 

1 I 

CH3 — Si — 0 — Si — CH3 

I 1 

CH3 CH3 



40 and tetrametylcyclotetrasiloxane (TMCTS: 



H H 
I I 

CH3 — Si — 0 — Si — CH3 
I ' 

0 0 

1 I 

so CH3 — Si — 0 — Si — CH3 

I I 
H H 



) . 



3. A semiconductor device manufacturing method according to claim 1 or 2, wherein the film forming gas further 
contains hydrocarbon. 
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4. A semiconductor device manufacturing method according to ciaim 3, wherein the hydrocarbon is any one selected 
from the group consisting of methane (CH4), acetylene (C2H2), ethylene (CgH^), and ethane (C2H6). 

5. A semiconductor device manufacturing method according to claim 3 or 4, wherein the film forming gas further 
contains oxygen-containing gas where the oxygen-containing gas is any one selected from the group consisting 
of N2O. H2O, and CO2. 

6. A semiconductor device manufacturing method for forming an insulating film (24, 31) on a substrate (21) from a 
surface of which a copper wiring (23) is exposed, 

wherein the insulating film (24. 31) is formed by plasmanlzing and reacting a film forming gas containing 
methylsilane, an oxygen-containing gas, and any one of nitrogen (N2) and ammonia (NH3), where the methylsllane 
is any one selected from the group consisting of monomethylsilane (SiH3(CH3)), dimethylsilane (SiH2(CH3)2), tri- 
methylsilane (SiH(CH3)3), and tetramethylsiiane (Si (01-13)4), and the oxygen-containing gas is any one selected 
from the group consisting of N2O, I-I2O and CO2. 

7. A semiconductor device manufacturing method according to claim 6, wherein the film fomiing gas further contains 
hydrocarbon. 

8. A semiconductor device manufacturing method according to claim 7, wherein the hydrocarbon is any one of meth- 
ane (CH4), acetylene (C2H2), ethylene (C2H4), and ethane (C2H6). 

9. A semiconductor device manufacturing method according to any one of claims 1 to 8, wherein the insulating film 
(24, 31) is a barrier insulating film that is one of films constituting an interlayer insulating film (24, 25. 31), which 
has a multi-layered structure and is fomried on the copper wring (23), and is in contact with the cupper wiring (23). 

10. A semiconductor device manufacturing method according to any one of claims 1 to 9, wherein parallel- plate 
electrodes (2, 3) are employed as a plasma generating means, and an AC power having a frequency of 100 ki-iz 
to 1 MHz is applied to an electrode (3), that holds the substrate (21), in fomning the film. 

11. A semiconductor device manufacturing method according to any one of claim 1 to 10, wherein parallel- plate 

electrodes (2, 3) are employed as a plasma generating means, and an AC power having a frequency of more than 
1 MHz is applied to an electrode (2), that opposes to a electrode (3) holding the substrate (21 ), in fomning the film. 

12. A semiconductor device having a copper wiring (23, 28b) and an Insulating film (24, 31) for covering the copper 
wiring (23), 

wherein the insulating film (24, 31) is fomned by a semiconductor device manufacturing method set forth in 
any one of claims 1 to 11 . 

13. A semiconductor device according to claim 12, wherein the insulating film (24, 31) is a bamer insulating film that 
Is one of filnns constituting an interlayer insulating film (24, 31 , 25), which has a multi-layered stmcture and is 
fonned on the copper wring (23). and is in contact with the cupper wiring (23). 
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